INTRODUCTION
============

Cytokinesis has long been recognized to involve formation and constriction of a contractile ring composed of filamentous (F) actin and nonmuscle myosin II ([@B73]; [@B65]). Bipolar filaments of myosin II are thought to draw F-actin together in a purse-string like manner to constrict the contractile ring. Studies in yeast and mammalian cells suggest that actin and myosin turn over during constriction, leading to an idea that F-actin and myosin are constantly recruited and disassembled at the cleavage furrow during cytokinesis ([@B60]; [@B52]). However, recent work in the early Caenorhabditis elegans embryo suggests that actin and myosin do not turn over, but rather disassemble over time ([@B9]). In either case, a tight link must be established between the actomyosin ring and the plasma membrane at the equator, and this attachment must be maintained during late stages of cytokinesis.

Among the proteins thought to link the actomyosin ring to the equator are septin filaments, which form a gauze-like structure that is tightly associated with cellular membranes ([@B67]). The mammalian septin SEPT2 binds myosin II, and this association is required for myosin activation during cell division ([@B38]). Septins do not interact directly with F-actin, but rather associate indirectly through anillin, a scaffolding protein that links these cytoskeletal components with microtubules and Rho at the equator (reviewed in [@B15]). Thus, anillin can be thought of as promoting formation of a stable plasma membrane--associated complex that anchors F-actin to the cell cortex during cleavage. Other analogous complexes that link F-actin to the plasma membrane include adherens junctions, which are composed of E-cadherin and α- and β-catenin ([@B32]; [@B51]).

Anillin was originally identified in Drosophila melanogaster embryo extracts as an actin-binding and -bundling protein that localizes to the cleavage furrow during cytokinesis ([@B50]; [@B23]). Subsequent studies showed that anillin binds myosin II and septins and promotes septin recruitment to the cleavage furrow in *Xenopus laevis* and mammalian cells ([@B59]; [@B41]; [@B79]). Anillin homologues in the fission yeast *Schizosaccharomyces pombe* are involved in establishment of the plane of cleavage and in organizing and stabilizing septins at the medial ring ([@B12]; [@B77]; [@B4]; [@B83]). In animal cells, depletion of anillin by RNA interference (RNAi) results in cytokinesis failure in late telophase ([@B78]; [@B20]; [@B79]; [@B90]; [@B16]; [@B62]). Loss of anillin is associated with delocalized actomyosin contractility, with myosin regulatory light chain (Spaghetti squash or Sqh in Drosophila) moving around the periphery of the cell rather than remaining concentrated at the equator ([@B79]; [@B34]; [@B62]). Anillin is postulated to constrain activated myosin at the cleavage furrow by binding myosin II, F-actin, and the septins. Moreover, anillin binds the small GTPase Rho and RacGAP and may thus facilitate Rho-mediated actin assembly via formins and myosin contractility via Rho kinase ([@B16]; [@B29]; [@B62]). Notably, because many of the published experiments describing anillin function have been carried out in tissue culture models, relatively little is known about anillin function in a multicellular organism in vivo.

The majority of anillin studies in multicellular model organisms have been conducted in C. elegans and Drosophila. In C. elegans, which has three anillin-related proteins, ANI-1 is required for early actomyosin-based contractile events in the embryo, for recruitment of septins to contractile rings, and for a symmetry-breaking event associated with initiation of cleavage at the first embryonic division ([@B45], [@B46]). In Drosophila embryos, binding of anillin to septins is required to maintain integrity of the invaginating cellular membranes during cellularization---a modified form of cytokinesis---and for conventional cytokinesis in later stages of embryonic development ([@B24]). Indeed, anillin has recently been shown to be required for cytokinesis and asymmetric cell division in the Drosophila peripheral nervous system ([@B56]). However, with the exception of septin recruitment, the mechanism by which anillin promotes conventional cytokinesis in a multicellular organism remains unknown.

To examine anillin function in vivo, we focused on meiotic cytokinesis in Drosophila spermatocytes and on later stages during differentiation of mature sperm. Spermatocytes provide an excellent system for studying animal cell cytokinesis because they are large, their mechanism of cytokinesis is conserved with other animal cells, and they are amenable to manipulation using powerful molecular genetic techniques ([@B26]; [@B27]). Germ cell cytokinesis is incomplete, and developing male germ cells remain connected by stable intercellular bridges called ring canals. Syncytial cysts of 16 primary spermatocytes form by mitotic divisions of a gonial cell precursor. All 16 spermatocytes undergo meiotic cytokinesis, forming cysts of 64 interconnected spermatids that share a common cytoplasm. During differentiation, spermatids elongate and form needle-shaped nuclei. Mature sperm arise by individualization of mature spermatids via an actin-based process. Sixty-four actin-based investment cones form over the nuclei and, in a myosin VI--dependent manner, traverse the nearly 2-mm-long tails, investing each sperm with its own plasma membrane ([@B22]; [@B33]). In earlier studies, anillin was shown to be one of the first markers to appear at the equator of dividing spermatocytes ([@B35]; [@B28]). After cytokinesis, anillin and the septins persist in stable intercellular bridges that localize to the growing end of elongating cysts of haploid spermatids ([@B35]). Importantly, these localization studies did not address the function of anillin in male germ cell development.

Here, we examine anillin localization and function in developing male germ cells. We find that anillin is required for male germ cell cytokinesis. Anillin functions to localize septins to the cleavage furrow and to maintain Rho, F-actin, and myosin in the contractile ring. We show that expression of DE-cadherin (DE-cad) suppresses the cytokinesis defect caused by loss of anillin. DE-cad recruits other cadherin--catenin complex proteins to the cleavage furrow and stabilizes contractile ring F-actin in anillin-depleted cells. Thus, DE-cad and anillin and their respective binding partners form alternative cassettes that anchor actin at the cell equator, enabling successful cytokinesis.

MATERIALS AND METHODS
=====================

Molecular Biology
-----------------

Molecular cloning was performed using standard techniques ([@B71]). Restriction enzymes and T4 DNA ligase were from New England Biolabs (Ipswich, MA). PCR was performed using Phusion DNA Polymerase (Finnzymes, New England Biolabs) on an MJ Research PTC-200 PCR machine (Waltham, MA).

Plasmids for generating transgenic flies were made in the P element transformation vector tv3, which contains the spermatocyte-specific β~2~-tubulin (β~2~t) promoter and SV40 3′ sequences ([@B87]), or in pCaSpeR-tub::mCherry, a modified version of pCaSpeR4 ([@B63]) containing the α~1~-tubulin promoter (generously provided by H. Krämer \[University of Texas Southwestern Medical Center, Dallas, TX\]; [@B48]) fused to mCherry (generously provided by R. Tsien \[University of California, San Diego, La Jolla, CA\]; [@B75]; J. Burgess and J. A. Brill, unpublished data). A snapback RNAi construct ([@B39]) directed against *anillin*, tv3::*anillin-RNAi*, was generated as an antiparallel genomic DNA--cDNA fusion, using the genomic BAC clone BACR04H12 (BACPAC Resources, Children\'s Hospital Oakland Research Institute, Oakland, CA) and the *anillin* cDNA LD23793 (Berkeley Drosophila Genome Project, DGC Release 1) as templates for PCR amplification of 690 base pairs (genomic) or 530 base pairs (cDNA) encoding part of exon7 through exon 9.

tv3::*mRFP-anillin* and tv3::*GFP-anillin* were made by fusing monomeric red fluorescent protein 1 (mRFP1; a gift from R. Tsien; [@B7]) or monomeric enhanced green fluorescent protein (mEGFP; courtesy of E. Snapp \[National Institutes of Health, Bethesda, MD\]; [@B88]) to the amino terminus of the full-length *anillin* cDNA LD23793. The calponin homology domain of utrophin (Utr-CH) was amplified from GFP-Utr-CH (kindly provided by B. Burkel and W. Bement \[University of Wisconsin, Madison, WI\]; [@B6]) and used to generate pCaSpeR-tub::*mCherry-Utr-CH*. All constructs were confirmed by DNA sequencing (The Centre for Applied Genomics, The Hospital for Sick Children). Details of molecular cloning (primers, restriction sites, and sequences) will be provided upon request.

Generation of Anti-Anillin Antibody
-----------------------------------

Polyclonal antisera were raised against the N-terminal portion of anillin as previously described ([@B23]), with the exception that the corresponding sequence of cDNA LD23793 encodes an additional 36 amino acids. DNA sequences encoding the N-terminal 409 amino acids were amplified by PCR and cloned into pGEX-4T-1 (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom), expressed in BL21\[DE3\] bacterial cells as a glutathione *S*-transferase (GST) fusion (GST-anil^1-409^), purified using Poly-Prep Chromatography Columns (Bio-Rad, Hercules, CA) packed with glutathione Sepharose beads (GE Healthcare; glutathione Sepharose 4B), and eluted with glutathione (Sigma, St. Louis, MO). Two rabbits were injected at The Hospital for Sick Children Lab Animal Services using standard procedures. IgGs were purified from rabbit serum using protein A beads (Bio-Rad; Affi-Gel protein A gel), depleted for anti-GST reactivity, affinity-purified against GST-anil^1-409^ using Affigel-10 columns (Bio-Rad; Affi-Gel 10), and tested for specificity by immunoblotting and immunofluorescence. Antibody 4091 was used at 1:1000 and 1:100 for immunoblotting and immunofluorescence, respectively.

Drosophila Genetics
-------------------

Flies were raised on standard cornmeal molasses agar at 25°C ([@B2]). Transgenes were introduced by injection of *w^1118^* embryos as described ([@B87]). Stocks used in the generation of male germ cell clones were obtained from the Bloomington Drosophila Stock Center (Bloomington, IN): *P{neoFRT}42D; ry^605^*, *w^1118^*; *P{neoFRT}42D P{Ubi-GFP(S65T)^NLS^}2R/CyO*, *y^1^ w^1118^ P{70FLP}3F/Dp(1;Y)y^+^; noc^Sco^/SM6a*, and *P{PZ}anil^03427^, cn^1^/CyO; ry^506^*, a P{PZ} insertion 53 bp upstream of the start codon (*anil^PZ^*; [@B19]; [@B24]). To make clones, flies were heat-shocked at 37°C for 1 h daily until pupariation. UAS::*anillin-RNAi* flies were from the Vienna Drosophila RNAi Collection (VDRC 33465). Fly stocks were as follows: *Bam-GAL4* (gift of D. McKearin \[University of Texas Southwestern Medical Center, Dallas, TX\]; [@B13]); *Sep2-GFP* (gift of K. Hales, Davidson College; [@B76]); ubiquitin::*DE-cad-GFP* (provided by H. Oda via U. Tepass, University of Toronto; [@B57]); *Sqh-GFP* (gift of R. Karess \[Institut Jacques Monod, CNRS, University of Paris, Paris, France\]; [@B70]); β~2~t::*CLC-GFP* (gift of H. Chang, Purdue University). Flies expressing a secreted GFP ([@B61]) under control of the β~2~t promoter ([@B85]) have been described elsewhere ([@B64]). *GFP^NLS^* flies used as controls in the DE-cad-GFP rescue experiment were the same as those used in generating germ cell clones (see above). *fwd^3^*/TM6B and Df(3L)7C/TM6B were previously described ([@B5]). *w^1118^* flies were used as wild-type controls.

Fluorescence Microscopy, Imaging, and Analysis
----------------------------------------------

Immunofluorescence was performed essentially as described ([@B35]), except that testis isolation buffer (TIB; [@B10]) was used instead of TB-1. Unless specified, samples were fixed in PBS (pH 7.2) with 4% paraformaldehyde followed by permeabilization in PBS with 0.3% Triton X-100 and 0.3% sodium deoxycholate. For anti-DE-cad, anti-armadillo, and anti-α-catenin, salt-free phosphate buffer (PB), pH 7.4, was used instead of PBS, and permeabilization was performed in PB plus 0.3% Triton X-100 ([@B55]). Antibodies used were as follows: 1:100 rabbit anti-anillin (see above), 1:20 mouse anti-myosin VI (3C7, a gift of K. Miller \[Washington University, St. Louis, MO\]; [@B40]), 1:150 mouse anti-peanut (4C9H4; Developmental Studies Hybridoma Bank \[DSHB\], Iowa City, IA; [@B54]), 1:100 mouse anti-Rho (p1D9, DSHB; [@B47]), 1:50 rat anti-DE-cad (gift of U. Tepass \[University of Toronto, Toronto, Canada\]; [@B58]), 1:50 mouse anti-armadillo (N2 7A1, DSHB; [@B66]), and 1:5000 guinea pig anti-α-catenin (unpublished data). Rhodamine phalloidin (20 U/ml) and DAPI (1:1000 from 5 mg/ml stock) were used as recommended by the manufacturer (Molecular Probes, Eugene, OR).

To image live squashed preparations of Drosophila male germ cells expressing fluorescent fusion proteins (Sqh-GFP, mCherry-Utr-CH), testes were dissected in TIB, transferred to a microscope slide, and cut with tungsten needles in TIB containing 8.3 μg/ml Hoechst 33342 (Sigma) to stain DNA. Samples were squashed with a coverslip before viewing. Live images of dividing spermatocytes were acquired at 20-s intervals from cells prepared using the clot technique ([@B87]). Playback speed in the Supplemental Videos is 5 frames per second. Time zero in the figures was arbitrarily set at an equivalent stage of cytokinesis across all genotypes.

Phase-contrast and fluorescence images were acquired with a Zeiss Axiocam CCD camera on an upright Zeiss Axioplan 2 microscope using Axiovision software (Zeiss, Oberkochen, Germany). Images of separate fluorochromes from multiply stained tissues were collected individually and combined using Adobe Photoshop (San Jose, CA). When necessary, images were adjusted only for brightness and contrast. Unless otherwise stated, in cases in which direct comparison of images was required, images were acquired using identical exposure times and adjusted in an identical manner.

Fluorescence Recovery after Photobleaching Image Acquisition and Data Analysis
------------------------------------------------------------------------------

Fluorescence recovery after photobleaching (FRAP) was performed on live cells prepared as described ([@B87]), using a Zeiss Axiovert 200 equipped with a Hamamatsu C9100-13 EM-CCD camera (Bridgewater, NJ), Yokogawa spinning disk confocal scan head (Tokyo, Japan), diode-pumped solid-state laser lines (Spectral Applied Research: 405, 491, 561, and 638 nm; Richmond Hill, ON, Canada) and a Ludl motorized XY stage (Hawthorne, NY). Images were acquired with a 63×/1.3 Zeiss Plan Apo water-immersion objective, with an additional 1.5× magnification lens in front of the camera. Photobleaching was performed using the Photonic Instruments (St. Charles, IL) Mosaic FRAP illuminator (488 nm). Acquisition and analysis were performed using Improvision Volocity 5 (PerkinElmer, Waltham, MA).

Bleaching was performed on one visible edge of the cleavage furrow, where the opposite edge was used as an internal, unbleached control. Volocity FRAP analysis software was used to measure the t~1/2~ values for the PLCδ-PH-GFP marker. GFP images were corrected for photobleaching in Volocity. Circular regions of interest of 2-μm diameter were centered on the visible edges of cleavage furrows for bleached and unbleached sides at each time point. Mean fluorescence intensity values were measured in Volocity and transferred to Microsoft Excel (Redmond, WA). Fluorescence intensity values were normalized using the equation: (y^x^ − y^min^)/(y^max^ − y^min^), where y is mean fluorescence intensity and y^x^ is the value of y at a given time point (x). Graphs were generated in Microsoft Excel. For GFP-anil, Sep2-GFP, and Sqh-GFP, percentage recovery was calculated by taking the mean fluorescence intensity value of six individual values centered on 5 min after bleaching, normalizing against unbleached values, and dividing by the prebleached value.

Immunoblotting
--------------

For testis blots, 25 pairs of testes per genotype were dissected in TIB and then transferred directly to SDS-PAGE sample buffer and boiled for 5 min. Proteins were separated on 10% SDS polyacrylamide gels and transferred to Amersham Hybond-ECL nitrocellulose membranes (GE Healthcare) using a Hoefer miniVE system (Hoefer, San Francisco, CA). Blocking and antibody incubations were in Tris-buffered saline with 0.05% Tween-20 (TBST) containing 4% nonfat dry milk (Bio-Rad; Blotting Grade Blocker 170-6404). Washes were in TBST. Primary antibodies were used at the following dilutions: anti-anillin (1:1000), anti-armadillo (1:500), anti-α-catenin (1:5000), anti-β-tubulin N-357 (Amersham, GE Healthcare; 1:4000). HRP-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA) were used at 1:10,000. Signals were detected using Amersham ECL Plus Western Blotting Detection Reagents. For L-cell blots, 20 μg of lysate/condition was run on a 10% SDS polyacrylamide gel at 100 V for 1.5 h, transferred at 250 mA for 2 h onto PVDF membrane, and then blocked in 5% skim milk powder in TBST overnight (O/N). Anillin was visualized with rabbit anti-anillin antibody (1:20,000), generated as described ([@B59]), or mouse monoclonal anti-GAPDH (1:40,000; Millipore, Billerica, MA) in TBST. Blots were washed O/N in TBST, incubated with HRP-conjugated anti-rabbit or anti-mouse (1:5000; Jackson ImmunoResearch) for 1 h, and then washed three times with TBST. Blots were imaged with standard ECL reagents (Amersham).

Mammalian Cell Culture and Transfection
---------------------------------------

Mouse LP (vector only) and LE (E-cadherin expressing) cells were a gift of J. Nelson (Stanford University School of Medicine, Stanford, CA; [@B1]). LP and LE cells (\<3 wk old) were plated in DMEM containing 5% fetal bovine serum and 300 μg/ml G418 at 60--80% confluency (Wisent, St. Bruno, QC, Canada). Cells were incubated overnight and then cotransfected via Fugene HD (Roche, Basel, Switzerland) with 1 μg pEGFPC1 (Clontech, Mountain View, CA) and either 3 μg of pSUPER-anillin (anillin knockdown \[Anil KD\]) or 3 μg of a nonspecific short hairpin RNA (shRNA) sequence (Ctrl KD) per two wells of a six-well plate. Two anillin shRNA sequences were cloned into pSUPER (Oligoengine, Seattle, WA) to make knockdown (KD) constructs: 5′-CGCAACACTCTGGAATTGATTC-3′ and 5′-GCAGGTTGTATTCTATGCTTTC-3′. LP and LE cells were incubated overnight, and then each well was replated into three wells in standard media with 1 μg/ml dexamethasone (Sigma) for both Ctrl and Anillin knockdowns to induce E-cadherin overexpression selectively in LE cells, as previously described ([@B1]). After 2 d of incubation, cells were fixed and stained with Hoechst 33342 (Sigma; 1:5000) in PBS. Cells cotransfected with pEGFPC1 and pSUPER- shRNA knockdown construct (green cells) were scored for polyploidy: transfected cells with \>1 nucleus in interphase were counted as multinucleate. Cells with one nucleus were counted as normal. One hundred cells were counted per condition in triplicate with three replicates (3n) for the Ctrl knockdown and 6n for Anil KD.

RESULTS
=======

Anillin Is Found in a Variety of Actin-associated Structures during Spermatogenesis
-----------------------------------------------------------------------------------

Anillin was previously reported to localize to contractile rings and ring canals during spermatogenesis ([@B35]; [@B28]). To further characterize anillin localization, we generated a new polyclonal antibody using an epitope similar to that previously described by [@B23]; see *Materials and Methods*). Immunostaining of developing male germ cells with anti-anillin antibody revealed anillin localization to mitotic ring canals ([Figure 1](#F1){ref-type="fig"}A), mitotic and meiotic contractile rings (not shown and [Figure 1](#F1){ref-type="fig"}B) and ring canals at the growing ends of elongating spermatid cysts ([Figure 1](#F1){ref-type="fig"}, C and D). In addition, anillin localized to the dense body, an actin- and tubulin-rich structure that associates with haploid nuclei during nuclear shaping ([Figure 1](#F1){ref-type="fig"}, D and E). During investment cone formation, anillin was found in puncta near the investment cones ([Figure 1](#F1){ref-type="fig"}F). In cysts in which the investment cones started to move away from the nuclei, anillin puncta appeared to coalesce ([Figure 1](#F1){ref-type="fig"}G), becoming highly concentrated at the leading edge of mature cones as they traversed the length of individualizing cysts ([Figure 1](#F1){ref-type="fig"}H). Anti-anillin antibody staining was specific, as the signal was largely absent from male germ cells depleted for anillin (see below). Thus, anillin is highly concentrated in several actin-rich structures in developing male germ cells.

![Anillin localizes to actin-rich structures during spermatogenesis. (A--H) Fluorescence micrographs of male germ cells stained for F-actin (red), anillin (green), and DNA (blue) and (A′--H′) corresponding grayscale images of anillin alone. (A) Primary spermatocytes with F-actin in the fusome and anillin in mitotic ring canals (arrows) and nuclei (arrowheads). (B) Dividing spermatocytes showing colocalization of F-actin and anillin in the cleavage furrow (arrows). (C) Cyst of 64 early elongating spermatids with anillin in ring canals (arrow). (D) Cyst of elongating spermatids showing a high concentration of F-actin near ring canals (arrow). Anillin and F-actin are also present in the dense body (arrowhead), which forms a crescent along one side of each spermatid nucleus. (E) Group of 64 elongated sperm nuclei. Anillin and actin persist in the dense body (arrow) throughout nuclear shaping. (F) Actin cones forming over three clusters of 64 nuclei. Anillin localizes to puncta (arrow) in the vicinity of the actin cones (arrowhead). (G) Puncta of anillin coalesce at the leading edge of actin cones (arrows) as they prepare to move away from the mature sperm nuclei. (H) Anillin localizes to the leading edge of actin cones (arrow) that have progressed along the length of the cyst. Bars, 20 μm.](zmk0091094350001){#F1}

Anillin Is Required for Spermatocyte Cytokinesis
------------------------------------------------

To test whether anillin is required for cytokinesis, ring canal maintenance or investment cone formation, we generated clones of male germ cells homozygous for a lethal P element insertion in *anillin* (*anil^PZ^*). Unlike wild-type spermatids ([Figure 2](#F2){ref-type="fig"}A), *anil^PZ^* mutant spermatids ([Figure 2](#F2){ref-type="fig"}B) were multinucleate, indicating a defect in male meiotic cytokinesis ([@B69]). To confirm that this was due to the *anil^PZ^* mutation, we expressed a translational mRFP fusion to anillin, which fully rescued the cytokinesis defect of *anil^PZ^* mutant clones ([Figure 2](#F2){ref-type="fig"}C).

![Anillin is required for spermatocyte cytokinesis. (A, B, D, and E) Phase-contrast micrographs of early round spermatids, showing nuclei (white disks) and mitochondrial derivatives (dark organelles). (A and B) Spermatids from testes in which *anillin* mutant (*anil^PZ^*) clones were generated by FLP-FRT--mediated recombination (see *Materials and Methods*). (A) Wild-type spermatids are marked by nuclear GFP and have one nucleus per mitochondrial derivative (yellow arrowhead).(B) *anillin* mutant spermatids, marked by absence of GFP, contain multiple nuclei and enlarged mitochondrial derivatives (yellow arrowheads), indicating failure of meiotic cytokinesis. (C and C′) Expression of mRFP-anillin rescues the cytokinesis defects of *anillin* mutant clones. Fluorescence micrograph (C) of a GFP-negative cyst of rescued, mononucleate early spermatids (C′) expressing mRFP-anillin (red). (D and E) Spermatids from wild-type (D) testes and testes in which male germ cells are expressing dsRNA targeted against *anillin* (E). Note that the samples in C--E were not flattened as much as those in A and B. (F and G) Fluorescence micrographs of primary spermatocytes stained for anillin. (F′ and G′) Corresponding merged images showing anillin (green) and F-actin (magenta). Anillin localizes to nuclei and mitotic ring canals in wild type (F), whereas in dsRNA-expressing cells, anillin is still present in mitotic ring canals, but levels of nuclear anillin protein are greatly reduced (G). (H--H″ and I--I″) Dividing spermatocytes stained for anillin (green), F-actin (red), and DNA (blue). In cleavage furrows (arrows) of wild-type spermatocytes, F-actin (H), and anillin (H′) colocalize (H″), whereas in dsRNA-expressing cells F-actin appears diffuse (I), and anillin is absent (I′). Bars, 20 μm. (J) Immunoblot showing reduced anillin (∼190 kDa) levels in dsRNA-expressing male germ cells compared with wild type. β-Tubulin (∼50 kDa) is used as a loading control.](zmk0091094350002){#F2}

To further explore the requirement for anillin in cytokinesis, we used RNAi induced by expression of double-stranded RNA (dsRNA) directed against sequences from the *anillin* gene (see *Materials and Methods*). Two different dsRNAs were used: one under control of the primary spermatocyte-specific β~2~-tubulin promoter ([@B36]; [@B87]) and the other a UAS-dsRNA construct obtained from the Vienna Drosophila RNAi Center and expressed in early primary spermatocytes using Bam-GAL4 ([@B13]; [@B17]). These dsRNAs, which were directed against different portions of the *anillin* gene, also caused formation of multinucleate cells ([Figure 2](#F2){ref-type="fig"}E, and not shown). Because expression of the UAS-dsRNA construct caused a highly penetrant cytokinesis defect, we used this line in subsequent experiments.

To confirm that anillin protein levels were knocked down, we examined dsRNA-expressing male germ cells using anti-anillin antibody. In wild-type spermatocytes, anillin localized to interphase nuclei and to mitotically formed ring canals ([Figure 2](#F2){ref-type="fig"}F). In spermatocytes expressing dsRNA directed against *anillin*, anillin protein levels were greatly reduced in spermatocyte nuclei, but remained in mitotic ring canals, which formed before dsRNA expression ([Figure 2](#F2){ref-type="fig"}G). In meiotically dividing wild-type male germ cells, anillin colocalized with F-actin in the contractile ring ([Figure 2](#F2){ref-type="fig"}H). However, in dsRNA-expressing cells, anillin was absent from the cleavage furrow, and F-actin was either diffusely localized or absent ([Figure 2](#F2){ref-type="fig"}I, and see below). Immunoblotting of whole testis proteins confirmed that anillin levels were greatly reduced in dsRNA-expressing cells ([Figure 2](#F2){ref-type="fig"}J). Thus, RNAi directed against *anillin* depleted anillin protein at postmitotic stages.

To determine if anillin has later functions in spermiogenesis, we examined dsRNA-expressing male germ cells for defects in differentiation and individualization. Loss of anillin had no obvious effect on polarity, elongation, or differentiation of spermatid cysts (not shown). However, actin cone formation appeared somewhat aberrant. In male germ cell cysts expressing dsRNA directed against *anillin*, investment cones exhibited two phenotypes: some appeared thinner than normal and lacked myosin VI (Supplemental Figure S1B), whereas others were short with diffuse myosin VI (Supplemental Figure S1C). Similar investment cone defects were observed in male germ cells mutant for the phosphatidylinositol 4-kinase Fwd, which is also required for cytokinesis (Supplemental Figure S1, D and E), suggesting that failure to make normal investment cones may be a secondary consequence of cytokinesis failure. For this reason, we focused on the role of anillin in meiotic cytokinesis.

Anillin, Septins, and Myosin II Are Stably Associated with the Contractile Ring
-------------------------------------------------------------------------------

For anillin and the septins to provide a stable anchor for the contractile ring, they should remain tightly associated with the cleavage furrow during cytokinesis. To test this idea, we examined GFP fusions to anillin and the septin Sep2 in FRAP experiments. We also tested a GFP fusion to myosin II regulatory light chain (Sqh), which we expected to be more dynamic during cleavage. Using live spermatocytes in fibrin clots ([@B70]; [@B87], [@B86]), we photobleached one side of the cleavage furrow and measured fluorescence intensity levels in the bleached and unbleached sides over time. As a positive control, we examined the behavior of PLCδ-PH-GFP, a marker for plasma membrane--associated phosphatidylinositol 4,5-bisphosphate (PIP~2~; [@B87]), which recovered rapidly with a t~1/2~ of 6.4 ± 1.3 s ([Figure 3](#F3){ref-type="fig"}, A and E; mean ± SD; n = 5). In contrast, GFP-anillin (GFP-anil), Sep2-GFP, and Sqh-GFP showed only low levels of recovery even after 5 min. Specifically, GFP-anil reached 37.2 ± 5.1% ([Figure 3](#F3){ref-type="fig"}, B and F; mean ± SD; n = 5) of initial levels, Sep2-GFP reached 20.6 ± 3.9% ([Figure 3](#F3){ref-type="fig"}, C and G; mean ± SD; n = 5), and Sqh-GFP reached 29.5 ± 8.1% ([Figure 3](#F3){ref-type="fig"}, D and H; mean ± SD; n = 4). These numbers likely overestimate the degree of turnover of GFP-anil, Sep2-GFP, and Sqh-GFP, because a significant proportion of the observed recovery may be due to unbleached material entering the region of interest during constriction (see also [@B9]). Thus, these data suggest that core components of the cleavage furrow and contractile ring exist in stable rather than dynamic structures during Drosophila spermatocyte cytokinesis.

![Anillin, septins, and myosin II are stably associated with the cleavage furrow. Fluorescence micrographs (A--D) and corresponding graphs of dividing spermatocytes examined for FRAP (E--H). (A--D) Micrographs show cells before bleaching (prebleach), immediately after bleaching (postbleach), and during recovery. The bleached area is shown (box with dotted lines). Times are in minutes:seconds. (E--H) Graphs show recovery of fluorescence in bleached area versus control (unbleached). Fluorescence intensity is indicated relative to starting intensity, which was set at 1. Time is in seconds. (A and E) PLCδ-PH-GFP, which associates with plasma membrane PIP~2~, recovers rapidly after photobleaching, whereas GFP-anillin (B and F), Sep2-GFP (C and G), and Sqh-GFP (D and H) fail to recover even after 5 min . Bar, 10 μm.](zmk0091094350003){#F3}

Anillin Recruits Septins and Maintains Rho, F-Actin, and Myosin II at the Cleavage Furrow
-----------------------------------------------------------------------------------------

Because anillin is known to bind septins, F-actin, myosin II, and Rho, we examined localization of these proteins in dividing spermatocytes depleted for anillin. In wild-type spermatocytes, the septins peanut and Sep2 were concentrated in the cleavage furrow ([Figure 4](#F4){ref-type="fig"}, A and C), whereas septins were absent from the cleavage furrow in male germ cells expressing dsRNA directed against *anillin* ([Figure 4](#F4){ref-type="fig"}, B and D). F-actin was recruited to the cleavage furrow in anillin-depleted spermatocytes, but its localization appeared diffuse, especially at late stages of cytokinesis (cf. [Figure 4](#F4){ref-type="fig"} A′ and B′). Rho localization also appeared defective in dividing spermatocytes lacking anillin. Anillin colocalized with Rho at the cleavage furrow in wild-type cells ([Figure 4](#F4){ref-type="fig"}E). However, in male germ cells depleted for anillin, the small amount of Rho detected at the cleavage furrow appeared diffuse ([Figure 4](#F4){ref-type="fig"}F).

![Anillin is required for recruitment of septins and stabilization of Rho and myosin II at the cleavage furrow. (A--A″ and B--B″) Dividing spermatocytes stained for the septin peanut (Pnut; green), F-actin (red), and DNA (blue). In cleavage furrows (arrows) of wild-type spermatocytes, peanut (A) and F-actin (A′) colocalize in cleavage furrows (A″), whereas in dsRNA-expressing cells peanut is absent (B) and F-actin appears diffuse (B′). (C--D′) Dividing spermatocytes expressing Sep2-GFP (green) and stained for DNA (blue) with corresponding phase-contrast micrographs (C″ and D″). Sep2-GFP localizes to cleavage furrows in wild-type cells (C), but is absent in dsRNA-expressing cells (D). (E--F′) Dividing spermatocytes stained for Rho (green), anillin (red), and DNA (blue) with corresponding phase contrast micrographs (E″ and F″). In cleavage furrows of wild-type spermatocytes, Rho (E) and anillin colocalize in cleavage furrows (E′), whereas in dsRNA-expressing cells Rho appears diffuse (F) and anillin is absent (F′). Bar, 20 μm. (G and H) Time-lapse images showing the change in localization of Sqh-GFP (myosin regulatory light chain) during cytokinesis. In control cells, Sqh-GFP is tightly associated with the furrow (G), whereas in dsRNA-expressing cells Sqh-GFP moves around the cell cortex in an oscillatory manner (H). The images shown were taken at 40-s intervals. Corresponding full-length videos are available online (Supplemental Videos 1 and 2). Bar, 5 μm.](zmk0091094350004){#F4}

To determine whether anillin is required to restrict myosin II to the equator of dividing spermatocytes, we examined live cells embedded in fibrin clots for localization of Sqh-GFP. In wild-type cells, Sqh-GFP was concentrated in the cleavage furrow during all stages of constriction ([Figure 4](#F4){ref-type="fig"}G and Supplemental Video 1; n = 3/3 cells). Sqh-GFP was no longer restricted to the equator in spermatocytes depleted of anillin. Rather, Sqh-GFP appeared to move around the periphery of the cell during cleavage ([Figure 4](#F4){ref-type="fig"}H and Supplemental Video 2; n = 5/6 cells). In addition, the membranes of dividing anillin-depleted cells exhibited blebbing and undulations not observed in wild type. Thus, anillin is required for localization of septins and also for maintenance of Rho, F-actin, and myosin II, at the cleavage furrow in dividing Drosophila spermatocytes.

To further examine Sqh-GFP behavior in anillin-depleted cells, we performed FRAP on spermatoctyes coexpressing Sqh-GFP and dsRNA targeted against *anillin* ([Figure 5](#F5){ref-type="fig"}). In these cells, the bleached side of the furrow recovered at a greater rate and to a greater extent than in control cells (cf. [Figure 5](#F5){ref-type="fig"}, A and B, with [Figure 3](#F3){ref-type="fig"}, D and H). Specifically, fluorescence intensity in the bleached region recovered to more than 90% of its original value after 185 ± 54.5 s (mean ± SD, n = 5/6 cells). Meaningful half times of recovery could not be calculated because fluorescence recovery was not related to standardized rates of GFP molecule diffusion. Instead, delocalized Sqh-GFP flowed in and out of the furrow region, causing the bleached and unbleached sides of the furrow to be indistinguishable after a short period of time. Thus, anillin is essential for persistent association of myosin with the furrow membrane.

![Anillin is required for tight association of myosin II with the cleavage furrow. Fluorescence micrograph (A) and corresponding graph (B) of a dividing spermatocyte, expressing Sqh-GFP and dsRNA directed against *anillin*, examined for FRAP. (A) Micrograph showing cell before bleaching, immediately after bleaching, and during recovery. The bleached area is shown (box with dotted lines). Times are in minutes:seconds. (B) Graph showing recovery of fluorescence in bleached area versus control (unbleached). Fluorescence intensity is indicated relative to starting intensity, which was set at 1. (A and B) Fluorescence intensity increases and decreases in both bleached and unbleached areas as Sqh-GFP flows in and out of the furrow region. Time is in seconds. Bar, 10 μm.](zmk0091094350005){#F5}

Loss of Anillin Is Suppressed by Expression of DE-Cadherin
----------------------------------------------------------

Because loss of anillin affects late telophase, a stage of cytokinesis when membrane trafficking is required, we tested the requirement for anillin in localization of several membrane-trafficking markers. In early wild-type dividing spermatocytes, a GFP fusion to Drosophila E-cadherin (DE-cad-GFP) localized to the cell cortex and to puncta at the poles of the cells ([Figure 6](#F6){ref-type="fig"}A). By mid-cytokinesis, DE-cad-GFP was found in puncta at the poles of the cells and also started to accumulate in puncta at the equator ([Figure 6](#F6){ref-type="fig"}B). In late telophase, puncta of DE-cad-GFP were highly concentrated at the equator of dividing cells ([Figure 6](#F6){ref-type="fig"}C). DE-cad-GFP localization appeared normal in spermatocytes depleted for anillin ([Figure 6](#F6){ref-type="fig"}D). Similarly, in both wild-type and anillin-depleted spermatocytes, a GFP fusion to clathrin light chain (CLC-GFP) and a secreted GFP marker (sGFP) localized to the equator of dividing cells (Supplemental Figure S2, A--D). These data suggest that anillin does not play an important role in membrane trafficking to the cleavage furrow.

![DE-cad-GFP suppresses cytokinesis defects caused by *anillin* depletion. (A--D′) Fluorescence (A--D) and corresponding phase-contrast (A′--D′) micrographs of dividing spermatoctyes expressing DE-cad-GFP. (A and A′) In wild-type cells DE-cad-GFP localizes to the cortex and in puncta at the poles during anaphase. During telophase, DE-cad-GFP begins to accumulate at the equator (arrows; B and B′). By late telophase, DE-cad-GFP becomes highly concentrated in the furrow in wild-type (C and C′) and dsRNA-expressing cells (D and D′). (E) Expression of DE-cad-GFP greatly reduces the percentage of multinucleate spermatids in flies expressing dsRNA directed against *anillin* but not in flies mutant for *fwd*. The number of spermatids counted for each genotype is indicated (n). Note that although these results were obtained with the UAS::*anillin-RNAi* line, similar results were obtained for β~2~t::*anillin-RNAi* (not shown; see *Materials and Methods*). Bar, 20 μm.](zmk0091094350006){#F6}

Remarkably, we found that expression of DE-cad-GFP, but not CLC-GFP or sGFP, had an unanticipated effect on cytokinesis in anillin-depleted cells. Male germ cells coexpressing DE-cad-GFP and dsRNA directed against *anillin* had an increased frequency of successful cytokinesis, relative to cells expressing dsRNA alone ([Figure 6](#F6){ref-type="fig"}E). In wild type, 99.6% of spermatids were mononucleate, indicating successful meiotic cytokinesis. In contrast, only 4.4% of spermatids depleted of anillin were mononucleate, and 16.7% of anillin-depleted spermatids had two nuclei per cell, indicating failure of cytokinesis during meiosis I or meiosis II; 78.9% of spermatids had four nuclei per cell, indicating cytokinesis failure during both meiosis I and II. Expression of a nuclear GFP marker had no effect on spermatids depleted of anillin. However, ubiquitous expression of DE-cad-GFP resulted in significant suppression of the cytokinesis defect caused by anillin loss: 39.1% of spermatids were mononucleate, 19.3% were binucleate, and 41.6% had four nuclei. Suppression of the cytokinesis defect by DE-cad-GFP was specific to anillin, as DE-cad-GFP had no effect on cytokinesis failures due to loss of *fwd* ([Figure 6](#F6){ref-type="fig"}E). Thus, expression of DE-cad partially bypasses the requirement for anillin during cytokinesis.

Adherens Junction Proteins Can Substitute for Anillin in Anchoring F-Actin at the Cleavage Furrow
-------------------------------------------------------------------------------------------------

Because expression of DE-cad-GFP suppressed loss of anillin, we asked whether DE-cad and other members of the cadherin--catenin complex are normally expressed in developing male germ cells. Immunofluorescence experiments using specific antisera revealed that β-catenin (armadillo), α-catenin, and DE-cad are normally undetectable in dividing spermatocytes ([Figure 7](#F7){ref-type="fig"}, A and B; Supplemental Figure S3, C and F), whereas all three proteins were present in somatic structures found in the same preparations (Supplemental Figure S3, A, B, D, and E; α-catenin not shown). Strikingly, expression of DE-cad-GFP resulted in recruitment of armadillo and α-catenin to membrane structures including cleavage furrows of dividing cells ([Figure 7](#F7){ref-type="fig"}, C and D). In addition, Western blot analysis revealed increased armadillo and α-catenin protein levels in DE-cad-GFP--expressing cells compared with wild type (Supplemental Figure S4). Thus, DE-cad expression appears to stabilize and localize endogenous adherens junction proteins in dividing spermatocytes.

![DE-cad-GFP recruits armadillo and α-catenin to the cleavage furrow. Fluorescence micrographs of dividing wild-type (A--A′ and B--B′) or DE-cad-GFP--expressing (C--C″ and D--D″) spermatocytes stained for armadillo (Arm) or α-catenin (α-cat). In wild type, Arm (A) and α-cat (B) are absent from the cleavage furrow (arrows). However, in cells expressing DE-cad-GFP (C and D), Arm (C′) and α-cat (D′) are clearly recruited to the furrow and to other regions of the plasma membrane. Arm also colocalizes with DE-cad in intracellular puncta. (A′, B′, C″, and D″) Corresponding merged images showing DE-cad-GFP (green, C″ and D″), Arm (red, A′ and C″), α-cat (red, B′ and D″) and DNA (blue). Bar, 20 μm.](zmk0091094350007){#F7}

To determine if DE-cad-GFP expression suppresses loss of anillin by retaining F-actin at the cell equator, we examined F-actin localization in live cells using an mCherry fusion to the F-actin--binding calponin-homology domain of utrophin (mCherry-Utr-CH; [@B6]). During cleavage in wild-type and DE-cad-GFP--expressing cells, F-actin remained highly concentrated at the equator of the cell ([Figure 8](#F8){ref-type="fig"}, A and B; Supplemental Videos 3 and 4, n = 5/6 cells for wild type and n = 4/5 cells for DE-cad-GFP). In contrast, in anillin-depleted cells, F-actin moved around the cell cortex, similar to the behavior of myosin II. We observed different levels of phenotypic severity: cells were characterized as normal when localization of F-actin resembled controls, intermediate where there was some movement of F-actin from pole to pole, or severe when oscillations were dramatic and accompanied by the majority of F-actin leaving the area of the furrow. Of cells expressing dsRNA directed against anillin, none of the cells were normal, 2/7 were intermediate and 5/7 were severe ([Figure 8](#F8){ref-type="fig"}C and Supplemental Video 5). In contrast, of cells depleted of anillin and expressing DE-cad-GFP, 1/7 were normal, 6/7 were intermediate ([Figure 8](#F8){ref-type="fig"}D and Supplemental Video 6), and none were severe. Thus, like anillin, adherens junction proteins can restrict actomyosin contractility to the equator of the cell.

![Anillin and DE-cadherin restrict F-actin to the cleavage furrow. (A--D) Time-lapse images showing the change in localization of mCherry-Utr-CH (which binds F-actin) during spermatocyte cytokinesis. In control cells (A) and cells expressing DE-cad-GFP (B), mCherry-Utr-CH is tightly associated with the furrow, whereas in dsRNA-expressing cells mCherry-Utr-CH moves around the cell cortex in an oscillatory manner (C). DE-cad-GFP expression stabilizes mCherry-Utr-CH at the furrow in anillin-depleted cells (D). The images shown were taken at 40-s intervals. Corresponding full-length videos are available online (Supplemental Videos 3--6). Bar, 5 μm.](zmk0091094350008){#F8}

To determine if DE-cad-GFP substitutes for anillin by recruiting septins to the cleavage furrow, we examined peanut localization in anillin-depleted cells expressing DE-cad-GFP. Unlike wild-type cells, in which peanut was abundant at the cell equator (Supplemental Figure S5A), cells expressing dsRNA directed against *anillin* had no detectable peanut at the equator regardless of whether DE-cad-GFP was coexpressed (Supplemental Figure S5, B and C). Thus, our data suggest that DE-cad-GFP promotes successful cytokinesis by providing an alternative means of anchoring F-actin and myosin at the cleavage furrow.

Expression of E-Cadherin Restores Cytokinesis to Mouse Fibroblasts Depleted of Anillin
--------------------------------------------------------------------------------------

To test whether classic cadherins are generally capable of suppressing loss of anillin function, we examined mouse L-fibroblast cells expressing E-cadherin (E-cad) under control of an inducible promoter ([@B1]). Knockdown of anillin with two different shRNAs caused a cytokinesis defect in cells grown in the absence of E-cad induction, resulting in 43 or 47% multinucleate cells ([Figure 9](#F9){ref-type="fig"} and not shown). In contrast, expression of E-cad substantially suppressed the cytokinesis defect caused by anillin depletion, resulting in only 24 or 22% polyploidy ([Figure 9](#F9){ref-type="fig"} and not shown). Thus, E-cad expression is sufficient to render mammalian cells less sensitive to loss of anillin.

![Expression of E-cadherin suppresses cytokinesis defects caused by depletion of *anillin* in mouse L-cells. (A) Immunoblots showing reduced levels of anillin protein (∼190 kDa) in anillin shRNA-expressing mouse LP (empty vector) or LE (E-cadherin expressing) cells (Anil KD) compared with scrambled shRNA-expressing cells (Ctrl KD). GAPDH (∼40 kDa) is the loading control. (B) Quantitation of multinucleate cells confirms suppression of anillin loss by expression of E-cadherin. \*p = 0.00076. n is the number of experiments, and 100 cells were counted in triplicate for each experiment. (C and D) Micrographs of LP and LE cells expressing scrambled shRNA (C and D) or anillin shRNA (C′ and D′) marked by GFP (green). DNA is stained with Hoechst (blue). Representative multinucleate cells are marked (white arrowheads). Bar, 100 μm.](zmk0091094350009){#F9}

DISCUSSION
==========

Successful cytokinesis requires anchoring of the contractile ring to the plasma membrane in the plane of division. Anillin has been postulated to play this role by recruiting septins and binding and stabilizing F-actin and myosin II during animal cell cytokinesis (reviewed in [@B21]). Our results are consistent with this model and show for the first time that anillin is required to restrict F-actin to the equator. Moreover, we find that anillin and the septins can be replaced by the cadherin--catenin complex to carry out this critical function. The interchangeability of these nonhomologous cassettes suggests that two shared properties are required during cytokinesis: the ability to form a stable attachment to the plasma membrane and the ability to bind and bundle actin filaments.

Based on our FRAP results, as well as those from worms ([@B9]) and yeast ([@B4]; [@B18]; [@B14]), anillin and the septins are stably associated with the cleavage furrow and do not undergo rapid exchange during constriction of the contractile ring. Tight linkage of these proteins to the furrow membrane is likely mediated, at least in part, by septins. Septins bind phosphoinositides in vitro, and their localization is affected by alterations in phosphoinositide levels in vivo ([@B89]; [@B11]; [@B68]; [@B42]; [@B82]; our unpublished results). Because plasma membrane--associated septin filaments form a gauze-like mesh that serves as a diffusion barrier ([@B81]; [@B74]; [@B25]; [@B67]), binding of septins to PIP~2~-containing membranes in the cleavage furrow likely promotes formation of a stable molecular fence. Although anillin has not been shown to bind phospholipids directly, the presence of a conserved pleckstrin homology domain ([@B59]) suggests that anillin may also interact with membranes. Indeed, in septin knockdown cells, anillin localizes to the membrane in a Rho-dependent manner ([@B79]; [@B34]; [@B62]).

Anillin binds and bundles actin filaments and also binds myosin II, thereby interacting directly with both major components of the contractile ring ([@B23]; [@B79]). Our data and those of [@B9] suggest for the first time that filaments of myosin II and actin, like anillin and the septins, do not turn over in the cleavage furrow, but rather are disassembled during constriction. We therefore propose that anillin stabilizes the cleavage furrow by linking the actomyosin ring to septin filaments on the membrane. Consistent with this, loss of anillin leads to destabilization of myosin II and F-actin, which move freely around the plasma membrane during cleavage of anillin-deficient cells ([@B79]; [@B34]; [@B62]; our results). Indeed, our FRAP data confirm that myosin completely loses its stable association with the furrow in anillin-depleted cells. Anillin may also stabilize the contractile ring through indirect interactions with microtubule plus ends at the cell equator ([@B16]; [@B29]; [@B34]). However, our data suggest that the membrane-actin cross-linking properties of anillin and the cadherin--catenin complex may be sufficient to promote cytokinesis.

Expression of DE-cad partially restores cytokinesis to anillin-depleted spermatocytes, indicating that the cadherin--catenin complex, like the anillin-septin cassette, is capable of linking the actomyosin ring to the furrow membrane. Classic cadherins such as DE-cad are transmembrane proteins that form stable membrane attachments by virtue of their ability to mediate cell--cell adhesion ([@B80]). Ectopically expressed fluorescent E-cadherin and DE-cad fusion proteins localize to the cleavage furrow, where they associate with β-catenin (armadillo) and α-catenin during cytokinesis ([@B3]; our results). Homodimers of α-catenin bind and bundle actin filaments ([@B84]; [@B32]), suggesting that α-catenin is ideally suited to substitute for anillin during cytokinesis. Importantly, we found that expression of E-cad in mouse L-cells renders them less sensitive to loss of anillin, supporting this idea. Indeed, our finding that DE-cad and E-cad behave similarly in this respect suggests that cells expressing adherens junction proteins may be less sensitive to loss of anillin during animal development. Our data show that classic cadherins can stabilize F-actin in the contractile ring. Adherens junctions can also tether minus ends of microtubules ([@B49]), but whether they can associate with and stabilize microtubule plus ends in the furrow remains unknown.

Our results suggest cells may exhibit differential sensitivity to loss of anillin in vivo, depending on the presence of alternative mechanisms to link F-actin and myosin to the plasma membrane. Ezrin/radixin/moesin proteins are cytoskeletal-membrane cross-linkers that localize to the cleavage furrow and could potentially carry out this function ([@B72]; [@B8]; [@B43]). In any case, it is likely that DE-cad--mediated suppression of the cytokinesis defects in anillin-depleted cells relies on a small amount of residual anillin and septins, because presumably these proteins are required for stabilization of postdivision ring canals.

Our experiments raise the question of whether cadherin-mediated cell--cell adhesion is normally important for cytokinesis. Indeed, only a few studies suggest a link between cadherins and cell cleavage. In the early zebrafish embryo, daughter blastomeres transition from being loosely associated to having tightly apposed membranes. This is accomplished after ingression via delivery of adhesion proteins including E-cadherin and β-catenin to newly formed daughter membranes ([@B37]; [@B44]). Disruption of cadherin-mediated adhesion causes defects in blastomere cohesion, but not in cytokinesis ([@B37]). In mouse fibroblasts, the introduction of E-cadherin--α-catenin fusion proteins has the opposite effect, causing a slight inhibition of cytokinesis ([@B53]). Because these fusion proteins likely form unregulated junctions that prevent the cells from rounding up during division, cells must coordinate the disassembly of adherens junctions with cytokinesis. Hence, the cadherin--catenin complex may not be required for cytokinesis per se, but is involved in changes in tissue architecture that must be tightly linked with cytokinesis.

Anillin may have additional roles beyond cytokinesis in vivo. However, it is difficult to obtain cells entirely lacking anillin protein, and earlier defects in cytokinesis may obscure later phenotypes. For example, although we observed defects in actin cone formation in anillin-depleted spermatids, this could reflect either a specific role for anillin in individualization or an indirect effect of cytokinesis failure on membrane topology. Thus, to study anillin function at other stages of development, it will be necessary to identify temperature-sensitive alleles or employ other techniques to destabilize the anillin protein dynamically in living cells. Interestingly, in a report linking increased anillin expression levels and the progression of diverse human tumors, anillin was highly expressed in both diseased and normal CNS tissues, and similar expression profiles were reported for specific human septins ([@B30],[@B31]). Future studies using such techniques may thus uncover exciting new roles for anillin and the septins in the CNS.
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